The aim of this study is to contribute to the knowledge about 2-Chlorophenol (2CP) mineralization and methanization in batch culture. This work was focused on evaluating the effect of: (i) the use of sludge with different periods of previous contact to 2CP, (ii) the electron donor addition in stoichiometric relation with 2CP and (iii) the presence of different initial oxygen concentrations.
2CP elimination has not been achieved (Farrell & Bridge 1999) . Under anaerobic conditions, particularly in methanogenesis, chlorophenols are eliminated by means of reductive dechlorination followed by aromatic ring cleavage and their final conversion to CH 4 and CO 2 (Basu et al. 1996; Becker et al. 1999) . Nevertheless, under this condition 2CP specific consumption rate values appear to be an important limiting factor. In order to overcome this situation several actions have been proposed: addition of an electron donor (Basu et al. 1996; Parker et al. 1993) ; the use of acclimated sludge (Buitró n et al. 1998); aerobic-anaerobic reactors set up (Majumber & Gupta 2007 ) and the use of microaerophilic or partially aerated conditions (Garibay et al. 2005) .
However, in most of the cases, scarce information about mass balances, 2CP conversion and kinetic data has been included. Therefore, the objective of this work was to evaluate in batch culture the effect of three factors on the specific consumption rate and methanization of 2CP: (i) the use of sludge with different periods of previous contact to 2CP when no external electron donor is added (ii) the electron donor addition in stoichiometric relation with 2CP and (iii) the presence of different initial oxygen concentrations. added. This mineral medium was also used for batch assays.
MATERIALS AND METHODS
The UASB reactor operated at a hydraulic retention time (HRT) of 2 days at 32^0.58C. The reactor was fed with 146 mg acetate-C/L d. Once the sludge was in methanogenic steady state it was used as the inoculum for batch assays. Sludge was withdrawn from the UASB reactor previous to each batch assay and washed three times with saline solution (NaCl 0.9%).
Culture conditions
The kinetic assays were carried out by duplicate in serologic bottles of 60 ml capacity. Each bottle was an independent experimental unit and after sampling was discarded. 40 ml of culture medium supplemented with 28 mg 2CP-C/L was placed in each bottle. The bottles were seeded obtaining a final concentration of 3.5^0.21 g VSS/L and a headspace volume of 20 ml. The bottles were sealed with a rubber plug and an aluminium hoop. The molecular oxygen was displaced by using a current of nitrogen for 5 minutes. A control assay containing the culture medium, methanogenic sludge and no 2CP was conducted in all cases. The bottles were incubated at 358C, pH 7 and no agitation. The total experimental time ranged from 25 to 40 days depending on the treatment. Carbon mineralization from 2CP to CO 2 was measured as the amount of CO 2 and HCO 3 2 produced.
Methanization of 2CP was measured as CH 4 formation.
Abiotic assays
Abiotic assays to verify possible losses of 2CP by volatilization or adsorption in the sludge were conducted.
The assays were carried out in serologic bottles of 60 ml in the same way as described in the culture conditions. To assess 2CP volatilization no sludge was added while sterilized sludge was used to assess 2CP adsorption. The bottles were incubated at 358C during 15 days. 2CP concentration was measured in liquid phase. Volatilization and adsorption was calculated by the difference between initial and final 2CP concentration.
Previous contact to 2CP evaluation
The assays were carried out in serologic bottles of 60 ml in the same way as previously described. Kinetics were Once the 2CP-C consumption efficiency value was $ 80%, the supernatant was removed, the sludge was refilled with new mineral medium supplemented with 28 mg of 2CP-C/L and a new kinetic assay was conducted. This condition was achieved in 50 days, thus this assay corresponded to 50 d of previous contact to 2CP evaluation. This procedure was repeated again in order to evaluate the 80 d previous contact to 2CP, as E value $ 80% was achieved within this time.
Electron donors
These assays were conducted in the same way as previously described using sludge with 80 days of contact to 2CP.
Acetate (an easily consumable substrate) and phenol (a recalcitrant compound which is also an intermediate in the metabolic route of 2CP), were assessed as electron donors during 2CP consumption. They were supplemented in stoichiometric ratio to 2CP.
Oxygen addition
The assays were carried out in serologic bottles of 60 ml in the same way as previously described. Once the oxygen was eliminated from the serologic bottles with nitrogen, different volumes of air (extra dry compressed air, Praxair, Mexico) were injected (0.6, 1.2, 1.9, 2.5 ml) using gas chromatography syringes (Pressure-Lok, 10MAX-HASV, Hamilton, Nevada, USA) in order to obtain the corresponding oxygen concentrations of 0.5, 1.0, 1.5 and 2 mg O 2 /L respectively. The effect of these four initial oxygen concentrations was evaluated on 2CP mineralization and methanization. Two series of assays were conducted and fresh sludge and sludge with 80 days of previous contact to 2CP were used as inoculums.
Evaluation of respiratory behavior
Carbon mineralization from acetate, phenol and 2CP was 
RESULTS AND DISCUSSION
Continuous UASB reactor: methanogenic sludge source
After eight weeks of UASB reactor operation acetate consumption efficiency (E A ) was 60^6% and biogas (CO 2 þ CH 4 ) yield production (Y Biogas-C/Acetate-C ) value was 0.89^0.1. According to this value, the process had a dissimilative pattern mainly due to the C/N ratio used (38.6). Biogas production rate was 121^8 mg Biogas-C/L d. As the biogas production rate remained constant in the continuous reactor for about 3 months, it was presumed that the sludge was in methanogenic steady state. As a consequence the sludge acquired a higher physiological stability. This sludge was used as inoculum for batch assays.
Batch cultures

Abiotic assays
Abiotic tests showed that loss of 2CP due to volatilization and adsorption on sludge was 3.9%^0.3 and 5.1%^0.5, respectively. This quantity was used to correct the 2CP volatilization and adsorption in the rest of the assays Basu et al. (1996) , reported similar values for 2CP adsorption on sludge. Nevertheless, it is important to remark that sucrose was added as an external electron donor, whereas, no external electron donor was included in the present work.
The 2CP specific consumption rate (q 2CP ) of the control was 0.0014^0.0005 mg C/g VSS d (Table 1) , this value was significantly increased by 57 and 114% when sludge with previous contact of 50 and 80 days was respectively used (a ¼ 0.0022). The q 2CP values obtained in this work were higher than those obtained by Basu et al. (1996) , when using sludge with a higher previous contact time to 2CP (200 days) and enriched with 0.1% yeast extract (0.0019 mg C/g VSS d). Furthermore, no external source of electrons was added in our work. In all assays phenol was detected as an intermediary indicating that 2CP was consumed by the reductive dechlorination pathway (Basu et al. 1996; Becker et al. 1999) .
Electron donors
These assays were conducted using sludge with 80 days of contact to 2CP. 2CP consumption profile in control assays (absence of electron donor) and in presence of acetate or phenol are illustrated in Figure 1A . In all assays 2CP was consumed, transiently converted to phenol ( Figure 1B ) and finally converted to biogas (CO 2 and CH 4 ) as has been previously reported during anaerobic digestion (Mikesell & Boyd 1985; Basu et al. 1996; Becker et al. 1999) . Lag phase of 2 days in 2CP consumption in a control assay without external electron source addition is shown in Figure 1A .
No significant variation in 2CP consumption profile was observed when acetate was included as an electron source ( Figure 1A ). Moreover, acetate consumption was independent of 2CP consumption indicating that this compound in stoichiometric ratio to 2CP was not used as an electron donor.
In contrast no lag phase in 2CP consumption was observed when phenol was used as an electron donor ( Figure 1A ).
Consumption efficiency, yield product formation and specific consumption rate values for all the assays are presented in Table 2 . In the assays where acetate was used as an electron donor, no significant variation in yield product, consumption efficiencies and specific rate values were observed when compared to the control assay without an external electron source. In contrast, when phenol was used a significant increase in 2CP specific consumption rate value (from 0.003 to 0.0044^0.0005 mg C/g VSS d) was obtained (a ¼ 0.0041). This increase could be mainly attributed to the presence of phenol rather than a previous contact sludge effect. These results indicate that phenol in stoichiometric ratio to 2CP could be used as an electron donor in order to enhance the 2CP specific consumption rate.
Oxygen addition effect
It has been reported that small amounts of oxygen increased the consumption rate (Kato et al. 1997 ) and the consumption efficiency (Macarie & Guiot 1996; Tartakovsky et al. 1998; Gardin et al. 2001 ) of recalcitrant compounds. Therefore, some assays were conducted in order to evaluate whether the presence of small amounts of oxygen would enhance the 2CP consumption under methanogenic conditions. Oxygen addition was evaluated using both, sludge without exposure to oxygen and 2CP and sludge with 80 days of previous contact to oxygen and 2CP.
The results obtained when using sludge with no exposure to oxygen and 2CP indicated that similarly to the anaerobic assays, regardless of oxygen concentration a lag phase in 2CP consumption between 8 to 10 days was present ( Figure. 2). It can be observed that the 2CP consumption pattern was very similar among all the assays irrespective of the initial oxygen concentration when compared to the control assay without oxygen. A slight effect of oxygen on E 2CP values was obtained as E 2CP ranged from 85 to 95% whereas no effect was observed on specific consumption rates as these values remained without significant variation (Table 3) . CO 2 and methane were determined as final products of 2CP mineralization. Nevertheless, according to methane yield values (Y CH 4 -C/2CP-C) included in Table 3 , methane production decreased as in the specific consumption rate of the polymeric resin concomitant with a reduction in methane production. 
Yield (formation of carbon methane/C consumed of 2CP). In the present work, phenol production was also detected in all assays as an intermediary during the reductive dechlorination reaction; however, phenol concentration was diminished as the initial oxygen concentration increased (Figure 2 ). In fact, a reduction of 42% in phenol production was measured when 2 mg O 2 /L was assessed (Table 4) suggesting the simultaneous aerobic and anaerobic respiration of 2CP. It is known that aerobic respiration results in intermediaries other than phenol such as chlorocatechols (Farrell & Bridge 1999) . In fact, a mass balance in terms of carbon (Table 5) In all cases, the lag phase for 2CP consumption was reduced 38% when compared to the assays where sludge without previous contact to 2CP was used. Likewise, the 2CP consumption period was diminished 11%. Consumption efficiency, yield product formation and specific consumption rate values are presented in (Table 2) . Therefore, the decrease in lag phase, 2CP consumption time and increase in q 2CP values obtained might be due to the sludge exposure to 2CP rather than oxygen addition. Finally, in a similar way with assays using sludge without previous contact to oxygen and the aromatic compound, a significant difference in methane and phenol production yield values was obtained as oxygen concentration was increased (a ¼ 0.015). In fact, these values decreased whereas oxygen concentration added was higher suggesting that the different oxygen concentrations evaluated promoted the aerobic respiration.
CONCLUSIONS
The use of sludge with a previous contact (80 days) to 2CP resulted in a lag phase reduction of 57% with a concomitant increment of 114% in q 2CP . These results were obtained without the addition of an external electron donor. The use of phenol as an electron donor in stoichiometric ratio to 2CP resulted in significant increases in q 2CP values (46%), whereas no effect on q 2CP values was observed when acetate was the electron donor. The addition of different initial oxygen concentrations under methanogenic conditons did not enhance the q 2CP values. Nevertheless, the use of sludge previously exposed (80 days) to both 2CP and O 2 resulted in an increase of 73% in q 2CP . Thus, the increase in q 2CP values obtained might be due to the sludge exposure to 2CP rather than oxygen addition. Therefore, the use of sludge with previous contact to 2CP results in it being a key parameter for enhancing 2CP specific consumption rate.
